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< °
< Outline:
S ® Extra Dimension Models Explored at D@ and CDF
(for theory introduction: G. Burdman's talk)
§ ® Signatures and Event Selections
@©
E) 4 Virtual Kaluza-Klein (KK) Exchange
® : : ..
- 4 Direct Graviton Emission
€ Preliminary Results
-
Z € Summary and Conclusions
=
D
& The results presented here are with <200 pb™' data
E‘ from spring 2002- Fall 2003 of Run II Tevatron (winter '04).
o All limits 95% CL and all Run Il results are preliminary.
>
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DO and CDF at the Tevatron Run II:

Central Muon
Chambers & Counters

AL EPRERD ¢ Both the Tevatron and
' the detectors upgraded.
¢ Run Il has been
e  £0Ing on successtully.

Intermediate Muon
Chambers & Counters
(IMU)

06/17/04

7 _ 2T Solenoid
l}i Tevatron P Fiber Tracker
iR = .

ED@Teva}ron

Silicon p-strip Tracker

'- ::.i__ e — SR . *
i

Main Injector Forward Muon
Ry & Recycler 1 e — R e = Tracking +Trigger

— T

Y 4 - T T I I =J 1
Central Muon :
Scintillators e -
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Tevatron Searches for ED:

w> Models with n extra spatial dimensions

> Focus on:

Arkani-Hamed, Dimopoulos, Dvali exchange / ee \

Large ED (ADD): phys Lett B429 (98) | |

|
\ |

n
en>0 (n>2), compactified ST LW J

o M’,~R" M., M: string scale g7§
TeV ' ED (DDG@G): Dienes, Dudas, Gherghetta &4 .
Nucl Phys B537 (99)
en>1(n=1) __
e M. : compactification scale >& -
o jet .

. Randall, Sundrum jet(s) +%
Warped ED (RS): by cRov Lett 83 (99) o | 7 o
 n = 1, highly curved emission Y+ ¥y /

e k/M,,, k: curvature scale

HCP2004
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Virtual Exchange Searches:

€ Pair production in virtual KK exchange with SM interference

€ Effective cross section has three terms with one parameter:

— 2
— = - — 4
0=0, *tNO0, +NcO,, n.=FIM

K
€ Scarch strategy is likelihood fits as a function of ng:

D@: 2D fitin M. and cos0" (scattering angle in c.0.m frame)

CDF: ID fitin M___
€ Translate into 95%CL lower limits on M, for various formalisms:

. 2 2
A conventions : = Agewett = Farw = Frrz, Farw =1, Farz = —=5(n > 2)
Giudice, Rattazzi, Wells| |Han, Lykken, Zhang HCP2004
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DO diEM and dielectrons:

€ diEM: Combine ee and yy with no track requirement on the electron

Require 2 EM objects, E_> 25 GeV

with track isolation

Central Cal.

Endcap Cal.

CC: Ink< 1.1

EC: 1.5<Inlk2.4

CC-CC and CC-EC used in results

Event kinematics based on vertex 1D

Overall ID efficiency: 85 + 1%

@ diele: at least one e with track

match, no track 1solation on either
CC-CC and CC-EC used 1in results

| UiEM Mass Spectum | g5 Ryn |1 Preliminary

Events/10 GeV

100 200 300 400 500 600 700 800 900

diEM Mass, GeV

| JiEM cos6* Spectrum | oy Ryn || Preliminary

Events/0.02

500

100

400f
39, Tt AS
300

200~

ol b b b b b b b v b by

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

cOosB*
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DO diEM:

< | SM Prediction
<
-
N
\C
ca

c 10"+

102

(H1]

107 1

c . 5 00'68
£ 104 0.4 &
q@ 10 02 9
= diEM Mass, Gev
€
C| ED Slgnal
m
= un
- 510
% 10 1
— 14 0.8
- 1 0.6
B 10_2‘ 04 &
10 02 %
G O 200 400 ggg O ©
5 diEM Mass, Gev
3
(D]
oY)
§

D@ Run Il Preliminary | Data

103 018
11 :
10°4] 0.6

o’ 0.4 «

10 02 &

O 200 400 600 0 &
diEmM Mass, Gevy

. QCD Background

10: 1

1- 0.8
-1 0.6
107 044
10 0.2 K
0 200 400 6o 0 &

diEM Mass, Gey

Backeround contributions:

s Drell-Yan and direct vy

s Dijet and direct photon where
jet(s) misindentified (fakes).

s Systematic uncertainty:
7-20%, dominated by stat+syst
of instrumental background.

N_ =9.7 (1.6 QCD), N, =8

exp

for M .. > 350GeV

Signal systematic uncertainties:

s K-factor (K=1.3)

s choice of PDF

s Luminosity X €

s E; dependence of efficiency

s Total=12%
HCP2004
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Interesting DO Events:

Run 162099 Evt 15851827 Mon Aug 19 00:30:59 2002

E scale: 76 GeV

Highest diphoton
M =436 GeV

Run 175826 Event 15382214 Wed Jan 28 19:15:22 2004

E scale: 185 GeV

Highest e+y (EC-EC)

M =515 GeV

HCP2004



DO diEM and dielectron LED Limit Results: w

@)
= # Data agrees well with expecatations = Proceed to set limits
= 4 2D binned information used: M, and cos6"
\O
< ¢ Limits on Ng -> 95% CL limits on Mg
Lower Limit on M, in diIEM mode (TeV):

S GRW| Hewett HLZ
@©
E) =1 |I=+1 | n=3 n=4 n=5 n=6 n=7
g) 1.36 1110122161 1.36 1.23 1.14 1.08

| T T— ' Combined with Run I:
2 o GRW |Hewett (1=+1) |HLZ (n=7)
5 143 | 128 | 114
:D 0.04
S e
8 | F . 02 Combined Lower Limit on M in ee mode:
=t 0.02 D@ Run .“D(Z un |
- ¢ M > 1.11 TeV
= O A R ¥ R TS T S S A R
= " HCP2004
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CDF dielectrons:

CDF Run Il Preliminary (200 pb _1)

— 10"
= ] . .
S o | e Require two isolated ¢, E_> 25 GeV
& | | Central: Inl< 1| | Plug: 1< Inl< 3.0
L 4852 events f
1 Central - Central |
10 i E
! CC and CP used in results
vb o VU e e
100 200 o900 ;(ggev e 5330 * at least one e with track required for electron pair
" CDF Run Il Preliminary (200 pb )
N 10 j j j ' E . . .
L2 Constrain e in luminous
= 107} {  region around CDF center
| Apply energy dependent cuts

7587 events

for high mass efficiency
E., significance cut

Lol | Overall ID efficiency:
100 208 300 nast v CC:92.4+0.4% CP:79.2+0.5%

HCP2004

1 Central - Plug
10 §
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CDF dielectrons:
§ Background contributions: o CDF Run i Preliminary (200 plbl_ll) -
= *Drell-Yan and other SM . Daa
= QCD where jet(s) &l (] Drell - Yan
misidentified. o Bl QCD Background
S« CP category contributes most o | L] T WW,WZ i
= 2 :
g to QCD background @/ ;
= o
© N..=4.7, N , =8 % 10 |
a) P =
L for M_, > 350GeV b
1
D . . .
E Sources of systematic uncertainties: N
;:’ e Luminosity (6%) 10 ¢ 7 3
= * Energy scale/resolution 100 200 300 400 500
%” * Acceptance (PDF, MC statistics,..) Dielectron Mass (GeV/c °)
M e Selection efficiencies
O
20 e Background statistics and normalization
>

* Signal: ~8%, QCD background: >20% HCP2004
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CDF Dielectron LED Limit Results:
S ¢ Data agrees with expectations = Proceed to set limits
% ¢ M., distribution is used for binned likelithood
= ¢ Limits on N, -> 95% CL limits on M, (convention: N =A/M,")
- .. ___CDFRunll Prefiminary (200 pb") _ 01— CDF Run 1 Preliminary (200 pt')
(@) Unsmeared likelihood . - Unsmeared likelihood
S % oer — Smeared likelihood g — Smeared likelihood
> T oo 5 oosf _
= § 3 ]
®) E oo b Central -+Central ; E 004 Central ;Central
B g ook }(\:e;ngal-Plug ] % 002 | )C\:e<ngal'P|U9 —
- - s = N | s
Z.
E Lower Limits on M (TeV):
H
N Hewett HLZ GRW
en
= A=-1 A=+1|n=3 n=4 n=5 n=6 n=7
s
o 099 096|117 099 0.89 0.83 0.79|1.11
g
= CDFRunlI: 0.78 0.77

HCP2004
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DO dimuon LED Limit Results:

Standard Model Monte Carlo

0 100 200 300 4go 500

HuMass(Gev)

SM +ED terms (n=3.0 TeV )

0 100 200 300 400 500 600

M Mass(GeV)

Data

s« Current results using 100 pb™' data

» Require 2 [, p > 15 GeV
s 2D fit in M, and cosB"

£$  Lower limit on M (GRW):
0.88 TeV

0 100 200 300 4do 500

HuMass(Gev)

D@ Run Il Preliminary

|cos(®)| Invariant Mass
Ye00 D@ Run Il Preliminary 2
e o
2 (SIS
c < 10
[ S
@ 2

=

(3

>

w

.
(=]
N

2
10
0 100 200 300 400 500 600 700 800

Dipy Invar. Mass(GeV)

HCP2004

(o)
0 01 02 03 04 05 06 0.7 08 0.9

|Cos(8)|
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diEM dielectron [dimuon

- Convention DO | CDF DO DO
(@]
% GRW 1.36 | 1.11 | 1.11 | 0.88
>
= =1 | 1.1 | 0.99
®) Hewett
) |=+1 | 1.22 | 0.96
L

n=3 | 1.61 | 1.12
= n=4 | 1.36 | 0.99
'S HLZ n=5 | 1.23 | 0.89
D
N n=6 | 1.14 | 0.83
e
= n=7 | 1.08 | 0.79
%
(D)
1))
Ham)
>

Preliminary Run II Lower limits for Mg (TeV):

DO Run I: (diEM) PRL 86 (01)

M > 1.1 (1.0) TeV for A=+1(-1)
LEP: (L3) PDG (03

M, > 0.84 (0.99) TeV for A=+1(~1)

HCP2004
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DO Results for TeV! ED: Dielectron Channel

¢ SM bosons can propagate in ED: mixing and interference among SM

bosons and their higher order KK modes

¢ Study Z/y virtual KK state effects, |gigvwvass spectrum

DQ Run 1 Prellmlnary

CC-CC

parameterized by: .= T0/3M_. e )
&
¢ N, =12.1 (4.3 QCD), N, =9 S
for Mye\>350GeV & EC-ECincl. | o
L

¢ Background uncertainty: 10%
¢ Signal uncertainty: 12%

‘ lelts Set same Way as LED 0 100 200 300 '400':U;oo' 600 700 800 é(l)d =000

Signal MC_

diEM Mass, GeV

Lower Limit on M. 1n ee mode:
¢ N<2.63TeV 2> M.>1.12 TeV @95%CL

Indirect and Combined Searches:
¢ LEP combined: M.> 6.6 TeV, All: M.> 6.8 TeV

HCP2004
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Resonant Graviton Searches: Randall-Sundrum Model

* 5-D warped space-time via an e¥<" factor
predicts low mass graviton resonances
» coupling parameter (k/M_ )

T | T T T T
DHR PRD 63 2001

200 400 600 800 1000 1200
M; (GeV)

» CDF searches in diLEP(ee+L) + VY channels (BR(G - )= %2 BR(G - ))
* diLEP: Binned likelihood method

@ yy: Counting limits using 30 mass-window around resonance

HCP2004
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CDF dielectron:
S
= ¢ Same event selection as LED search
2 ¢ Using spin-2 acceptance for limits on
0*BR(G - ee) and M, as a function of k/My,
c
O CDF Run |l Preliminary
T 1
5 S [ e---- Central - Central events
2 0.9F
. R RS m---- Central - Plug events

g) Generator level spin-2 (full n range) 08 )
m ol S - CC+CP

Ar 0.70
- 0.08] % 0-6;

- 2050 0 TR ea
Zﬁ 30.06] § g
") N < 04F
- " - o .o -0 * -0 ®
500 50041 03f oo ®
0 Tl P e
'%0 0.02- 02- & s N --m

- C B |
S I 0.1 u-a
M OO‘ 0‘2 0‘4‘ 0‘6 0‘8 1 E\\l\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\
2 lcos 100 200 300 400 500 600 700 800
§ Dielectron Mass (GeV/c 9)

HCP2004
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lige

M

CDF dimuon:;

Require two isolated Y, p_ > 20 GeV

H: Central

L Inl< 1.5

e [ may include tracks w/o p-chamber information

Constrain z, to CDF central region

Momentum dependent cuts for high
mass efficiency

Backgrounds: SM and QCD+cosmics
Veto cosmics by track-timing cuts

N,,=3.240.2, N, =1, M, >350GeV

Events / 5 GeV/c >

1

-1

10

Overall selection efficiency: ~70 + 2% 10

Signal systematic uncertainty: ~8%

CDF RUN Il Preliminary (200 pb ™)

10

DY Z->up
QCD+cosmics )
L] DY Z->11, WW, WZ, tt

UL |

400 500 600 700 800
. 2
Dimuon Mass (GeV/c ")

Background unc: 5% (SM), 20-30% (fakes)

€ Data and background expectations agree = Set limits, similar to ee

HCP2004
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S
= ® Require two isolated v, E_> 15 GeV CoF R e )
= - un Il Preliminary 202 pb
= 2.0 1 E

yy: Central, Inl< 1.1 3" ?“‘%
§ %’ t 107 -
[ An event vertex exists 210 | I .
g) No 3D tracks pointing to EM cluster | || |||
B Mdiphoton > 30 GeV I | | || | +

Overall selection efficiency: E (Nl
> ~50-55+2% ‘
Zﬁ 1 | | | | | |
S 10" —~20~"50 80400 920 140 160 80 'zgn
) m(yy) (GeVic')
N
E
E‘ w»> CDF diphoton results first presented in this conference!
p p

0
o]
=

HCP2004
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)
Z.
5

-

1,

n

Miige Karagoz

CDF Run Il Preliminary 202 pb™

10 15 Ge

Background contributions: 3 P L. . ?;;;ai;ﬁi g
s SM direct diphoton : [l Standard Model 17

production S (Diphox NLO)
s QCD where jet(s) misidentified i e

in y+jet, jet+jet events. L -

N,=0.6 0.2, N, =1, § ‘ *
for MW> 350G€V 40 &0 80 100 120 140 .-I.I-.?-?T} 'EIGB:vml:;m

CDF Run Il Preliminary

Sources of systematic uncertainties: g u: 2 photons nf=<11
* Choice of PDF, FSR/ISR 2" CcC

* Energy scale ozl SEREE
e Selection efficiencies g % . 1

* Background statistics and normalizationy o+t 1

e Total signal uncertainty: ~15% B T

* Background uncertainty: 20-25% oI T e (aevic)
HCP2004



E.,=129 GeV

131 GeV

IC vO/L1/90

7))
=
>
E S —
YN
V. 3
= > . '
=§ 2
& E N =
E IR & O
= IS >
Ng oYk i
oo A pr
o pm —
- oo > D
9] s | ) M
L o o
Sl L ©c =
P A n N _nn_
20 g3sg8e LU
o © DO Me =
e S 5 w

163

(145232 Run:

-

Event :

R
DN
,—.:.s.s\s-sss\ss.: ‘ \
:.\s\ss\s“ ‘
o..u.. .o. o
\/ .o..s-s\
A
I
AR

" ’IOI Oac% Y ]

A
H,
)

uoJlens] @Q3

Highest ee (Plug-Plug)

AN ‘[eu() zoTerey| 93

n

Diphoton Mass = 405 GeV

Photon Et = 172, 175 GeV HCP2004

N



CDF Results for RS Graviton:

. . -1 .
15° . CDFRuni Preliminary (200 pb ) ol CDF Run Il Preliminary (200 pb”)
: GB(G _ ee) limit(95% C.L.) - g
_ oBr(G - ee) PYTHIAX1.3 0.09 B
10 Randall-Sundrum Model 0.08 —E
g 0.07 —
T | _ 3
T 10 1 Eﬁ 0.06 g
e 2 0.05 -
% 7
16° i 0.04 Decay mode E
P dielectron ]
0.02 . ]
SP | | diphoton :
10 .un1 (R T TR NN TN SN NN N NN TN TN TN SN NN NN TN TN TN N NN AN N B
200 400 600, 800 200 300 400 500 600 700
Graviton mass (GeV/c ") Graviton Mass (GeV/c’)

Upper Limits on 6°BR (fb), Lower Limits on M, (GeV), k/M_=0.1
at high mass

ee‘uu‘w ee‘pp‘w
50 | ~50 | ~100 620 | 605 | 675

HCP2004
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Graviton Emission Signature: LED Model

» Graviton produced along with a jet (or photon):
escapes out of the 3D brane, not detected
» Monojet like topology with high missing E;

= oG IN_ g &9 T
°qq - g > o6 By
q %G g ——wWwwW\W(@G
9 g q —————(q
rag-eG o S 3
g° G g AN
7% g  g-oovongeoeeg
*gg - gG 0y s ;
g %/’“G g TTTTTAMMAG

HCP2004
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< DO jet+E. Signature (85 pb™): M
%  Final sample selection: SUE . e RN Pre"mmaryD :
= WHF >150GeV < 103:—. " Qcp iM?:a
S T _ o F s I"iSignal
S . P_(etl) > 150 GeV, Inl< 1.0 I *
. * np= 6, Mp= 0.7 TeV
| e PT (get2) <50 GeV } notincly,
- AQE, jet]) > 30° .
3 1 L
Ié) 50 100 150 200 250 300 350"4_00 450 500
0 ) - missing ET
=2 s P Run [l Prefiminary s Largest SM background from
2 B -10 JES
- Ij::) 20 E*lc JES Z->0U+jet(s)
5 5L s N,,,=100.2 £6.2 (stat) £7.5(thy)
:%) . +50% -30% (Jet Energy Scale)
N : + s Signal uncertainty: 20%
% o s Data: N, = 63 (~5% efficiency)
< B
s 0[00 150 200 250 300 350 400 450 500
O leading jet pT
é” Expected & observed agree within errors

HCP2004



" DO Limits for LED in jet+F., Signature: w

S @ Set limits in the absence of events in data

c~

§ € Use LEP CLs approach.

¢ Upper limit in N, ;- 84

c @ Expected limits of 111.4 (median) + 28.1 (RMS)

g agree with actual limits.

— S -

©1000— —_ .
g) Lower Limiton M_ (K=1.3) £ | DO prelim.
L 39 - | DY Run |
n, M, > (TeV) e . CDF Ru\n |

= 800 S L3

= 4 0.68 . e K-factor = 1.0
Fl 5 0.67 00 I _
:5 - e T

N 6 0.66 eoo— oI

=T)] -

N E

- 4 5 6 7
2 Nd
= Once uncertainties settled, analysis will be more COMPEtItiVE, ~bh0y
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& Tevatron and its expemments are performing very well: most
analyses include the 200 pb™' data recorded until end of 2003.

06/17/04

® D@ and CDF are actively engaged in Extra Dimension searches
in high mass ee+uu+yy and jet+H,.

© More ED signatures (especially /. based) are being explored!

ED@Tevatron

‘® Current LED limits of the Tevatron experiments exceed
published limits of previous direct searches. For some
models/search strategies, the DA/CDF analyses are the first!

l]@ Hadron Colliders (Tevatron now, LHC soon) are great places
to search for extra dimensions!

(*) Many thanks to all D@ and CDF colleagues!

Miige Karagoz Unel, NU
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CDF Run I result for LED in jet+ME, signature:

Events/10 GeV

Lower Limit on M (K=1) (TeV)

I I I I
— Data (84 pb™")
102§ il
g | | Standard Model |
“ Expected Signal |
(M;=0.6 TeV, n=2) |
10 =
1 .
| | | | | | |

80 100 120 140 160 180 200 220 240
Zr (GeV)

and Upper limit on R

n,= 2 n,= 4 n,= 6
1.0 0.77 0.71
0.48mm | 0.014nm | 42fm

Final sample selection:
a ET > 80 GeV

Expected Number of Signal Events

[
o

[y
o

i
o

[

w

N
T T T T T T

E_(jet])2 80 GeV, Ini< 1.1
E_(jet2)2 30 GeV
N,,. =284, N, =274.1 £ 15.9

e N=2
mn=4
A N=06
95% CL Limit
‘- 652 Events
- \‘\
8 \\.\
= A <
‘-
._A ‘\-
L .
Lol v b v b e e
600 700 800 900 1000 1100 1200
Mo (GeV)

HCP2004
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Constrained Parameter Space for RS-ED model:

w
=2
o~
: 0.20 T T T | T T T T T T T T | T T T T VA T T T
Ne - ) ]
< Tevatron
i [Rg|<M2
0.10 - 3
= 0.07E | Allowed Region ) i
g B} é_ A,<10TeV —é
2 = 0.05 F~ —
® > b E
o s / .
LL 0.03 — / N
C / .
. / ]
=) 0.02 Oblique Pafameters ]
Z. / ]
=, )/ H&S hep-ph/0205106
Q
= / |
:D 0.01 [l i 1 1 I 1 1 (WA l L 1 1 1 1 1 1 I 1 1 1 1
N 1000 2000 3000 4000 5000
o) m, (GeV)
=
<
N
D)
80
§

HCP2004
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Events / 0.02

CDF cos6":

¢ cosO distribution comparison with Drell-Yan background

500 ———————
| e Data
: [] Drell-Yan

400 || ] QcD Background

200 i

100 |

CDF Run Il Preliminary (200 pb ™)

300 Central - Central

Events / U.UZ5

400

w
A
o

w
o
o

2501
200¢

150

100

50}

CDF RUN Il Preliminary (200 pb ™)

—e— Data

CDF RUN Il Preliminary (200 pb'l)

o

N » [e2] o]
T T T

—e— Data

[] oY z->pu (PYTHIA)

2
M, > 150 GeV/c? -

0

0102 03 04 05 06 0.7 08 09 1
Icosel

DY Z->up (PYTHIA)

0 010203040506070809 1

|cos 6|

HCP2004
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Dielectron comparison for CDF and DO:

Events/ 5 (GeV/c 2)

4
10°
F e Data
10°L (] Drel-Yan ]
g I QcD Background E
C [] 1T, WwW, Wz, tt
2
Central - Central
10 E
1
10"

CDF Run |1 Preliminary (200 pb ™)

100
Dielectron Mass (GeV/c 2)

10

(=Y
o

=
(@)

Events/ 5 (GeV/cz)

=

=
o,
fiN

=
o

CDF Run |1 Preliminary (200 pb ™)

e Data

[] Drell-Yan

U] QcCD Background
[] 1T, WW, Wz, tt

Central - Plug

200 300
Dielectron Mass (GeV/c)

H
<
\

Events L5 GeV
ON

CDF Run Il Preliminary(173ph )

o
TTTTI

100 200

= SM prediction

[ oco dijets
[] tau-tau, ww, wz, 2z,

tt, W+jets

Events/10 GeV

10

| diEM Mass Spectrum | D@ Run Il Preliminary

100 200 300 400 500 600 700 800 900 1000

diEM Mass, GeV

| diEM Mass Spectrum | D@ Run I Pre||m|nary

Events/10 GeV

200 300 400 500 600 700 800 900 1000

diEM Mass, GeV

Events/10 GeV

10°

10°

10

1

10"

100 200

300 400 500

600 700 800 900 1000

diEM Mass, GeV

HCP2004
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Comparison to Expectation (CDF CC+CP and PP ce):

Events LS GeV
o

10"

10°

CDF Run Il Preliminary173pb )

= SM prediction
[ oco dijets

[ ] tau-tau, ww, Wz, 2z,
tt, Wtjets

s,

b

E

E_ |‘I1.|'I I" | I|

100 200 300 400 500 600 700
M.... (GeV)

Mass Cut Nprep Npara
0 2414 -4 58 2387
50 2410 4= 58 2381
100 144 - 6.7 149
150 20.81-3.7 22
200 10.2 4-2.2 14
250 50412 10
300 2.5+ 0.7 S
350 1.4 4+ 0.33 3
400 0.71 =0.17 2
450 0.39 4+ 0.09 2
500 0.21 4+ 0.04 2
550 0.10 4+ 0.03 0
Mass >(GeV/c)|  Ney, A
250 25.1 20
CC+CP 300 104 14
350 4.7 8
400 2.4 3
450 14 0

HCP2004



